We demonstrate the in situ engineering of superconducting nanocircuitry by targeted modulation of material properties through high applied current densities. We show that the sequential repetition of such customized electro-annealing in a niobium (Nb) nanoconstriction can broadly tune the superconducting critical temperature T c and the normal-state resistance R n in the targeted area. Once a sizable R n is reached, clear magneto-resistance oscillations are detected along with a Fraunhofer-like field dependence of the critical current, indicating the formation of a weak link but with further adjustable characteristics. Advanced Ginzburg-Landau simulations fully corroborate this picture, employing the detailed parametrization from the electrical characterization and high resolution electron microscope images of the region within the constriction where the material has undergone amorphization by electro-annealing.
Introduction
The Josephson effect 1 is arguably the utmost manifestation of macroscopic quantum coherence in superconductivity. Among the applications employing this phenomenon one finds (i) superconducting quantum interfometers, highly sensitive devices for detecting magnetic fields, suitable even for magnetoencephalography, 2 (ii) the most accurate voltage standard, with uncertainty of less than one part per billion, 3, 4 (iii) a viable contender for reliable and scalable qubits, 5, 6 and (iv) solutions for an exceedly performant nanothermometry. 7 The common denominator in all those devices is the need for advanced (controllable, tunable, and versatile) fabrication of weak link(s) between two superconducting banks, permitting the tunneling of superconducting Cooper pairs.
Over the past decades several methods for manufacturing small superconducting weak links have been developed, including tunnel barriers through a grain boundary, 8 over normal metal insertions, 9 depletion of the superconducting condensate with a ferromagnetic nanowire, 10 or promoting the formation of phase-slip lines. 11 In all cases, the properties of the weak link are preset by the fabrication protocol and once defined, they can no longer be modified. Tunable solutions to date are the electrostatic shrinkage of a junction by a gate voltage in ballistic junctions, 12 current-controllable planar S-(S/F)-S Josephson junctions, 13 and junctions controlled by localized external electric field in superconductor-ferroelectric coplanar structures. 14 While proven in practice, these solutions are rather involved and limited to specific materials, thus making it relevant both from academic and technological standpoint to identify alternative routes to create and controllably modify the properties of a superconducting junction.
In this work we identify controlled electro-annealing (EA) by high electric current densities as a viable method to produce weak links in superconducting nanostructures, with tunable characteristics in a broad range. It is well established that large applied electric current can alter the internal structure of a given material, e.g. change the grain structure, 15, 16 or the Young's modulus, 17 cause athermal crystallization of the amorphous phase, 18, 19 tune the stoichiometry of complex compounds, 20, 21 or shrink down the lateral size of nanoconstrictions. 22 This can be achieved either by electropulsing, where a † Electronic supplementary information (ESI) available: High resolution SEM images show the polycrystalline structure of a virgin Nb nanoconstriction and the local amorphization of the same sample after several electro-annealing processes. Transport condenser is discharged within a decay time of few hundreds of μs, or by a feedback-controlled dc current able to induce continuous changes in the sample. 21 Here we apply electro-annealing to locally change the superconducting properties of a Nb nanoconstriction, and thereby broadly tune the characteristics of the resulting junction. We chose a bow-tie geometry for the constriction, so that even a relatively small applied current can have significant effect due to its crowding (i.e. large density) at the narrowest point of the sample. By progressively increasing the applied current, we first identify a regime for current densities at the constriction below 100 MA cm −2 , where the superconducting properties of the constriction are slightly improved compared to the lateral banks. Within this regime the superconducting critical temperature (T c ) and critical current (I c ) increase, while the normal state resistance (R n ) decreases, thus transforming the system in a S-S′-S junction with T c (S′) > T c (S). When the maximum applied current (electro-annealing current) is increased above 100 MA cm −2 , a rapid deterioration of the superconducting properties takes place in the constriction, and the system switches to a S-S′-S junction with T c (S′) < T c (S). In other words, a weak link is formed. Under such circumstances, one expects the critical current to decline and eventually exhibit Fraunhofer-like oscillations as a function of the out-of-plane magnetic field (B). These oscillations can be regarded as a fingerprint of a superconducting weak link. In what follows, we demonstrate the experimental realization of such control performed in situ, as the first of its kind.
Results and discussion

Electro-annealing and sample characterization
We begin by analyzing the changes induced in the material by the electro-annealing process. The used transport bridges with a nanoconstriction were fabricated in a topdown process by etching a Nb film of 50 nm thickness, as elaborated in Methods. The top panels of Fig. 1 show scanning electron microscopy (SEM) images corresponding to (a) the virgin sample, (b) after weak electro-annealing with a maximum current I EA < 7.5 mA, and (c) after strong electro-annealing with I EA > 7.5 mA. These SEM images show that for applied currents above 7.5 mA, corresponding to current density of about 100 MA cm −2 at the constriction, the material properties strongly change in a region extending few hundred nanometers away from the isthmus of the bridge. Further electro-annealing led to a slight expansion of this region and eventually caused displacement of atoms, better known as electromigration, and the formation of a gap separating the two superconducting leads. 22 After each EA process the R(T ) characteristics of the sample were systematically acquired so as to track the evolution of the conducting properties of the bridge. A selected set of R(T ) curves obtained with an applied current of 1 μA is shown in Fig. 1(d) . Substantially lower feeding currents of 10 nA show no significant shift of the characteristics, demonstrating littleto-no heating effects in the samples. Strikingly, the first effect of EA is to improve the conducting properties of the bridge. Indeed, for the low I EA regime (I EA < 7.5 mA), the normal-state resistance of the bridge decreases and the superconducting critical temperature in the constriction increases, as shown in the inset of Fig. 1(d) . Note that within this regime no hint of material change is seen in the SEM images [ Fig. 1(b) ]. This enhancement of both the conducting and superconducting properties of the nanoconstriction could be ascribed to a current-induced recrystallization process similar to that reported by Aref and Bezryadin 19 in Mo 3 Ge nanowires, or simply to a thermally-assisted degassing process 23 in view of the relatively high temperatures that can be reached at the constriction. 21 The effects of the EA process are more clearly shown in Fig. 1(e) , where the normal-state resistance R n (right ordinate) and the superconducting critical temperature of the constriction T c (left ordinate) are plotted as a function of the annealing current I EA . Here one sees that for I EA exceeding a threshold value of about 7.5 mA the nanoconstriction degrades very quickly, as evidenced by a sudden increase of the normal resistance accompanied by a decrease of T c . This transition corresponds well with the SEM image in Fig. 1 (c) evidencing a local change of the material properties. High-resolution SEM images (see ESI †) allow us to identify an amorphization of the material at the central region of the constriction as a source for the change. Since during electro-annealing a local temperature as high as 970 K can be reached at the constriction, 21 the amorphization may result from the combined effects of high temperature and oxygen diffusion in Nb which is known to become important above 400 K. 24 The presence of oxygen can be either due to the fact that the EA is not performed under ultra-high vacuum conditions or stem from the SiO 2 substrate (see Methods). One should remark that the observed currentinduced changes in Nb, although highly controllable, are nearly irreversible.
All R(T ) characteristics for samples after EA with current I EA > 7.5 mA, as shown in Fig. 1(d) , evidence a two-step superconducting transition. As the temperature is lowered, the first resistance drop occurs at T ð0Þ c = 8.88 K regardless of the EA. This first resistance jump corresponds to the superconducting transition in part of the Nb sample near the voltage contacts that remains unaffected by the EA. This is followed by a second drop to zero resistance at lower temperatures. To extract the critical temperature for the superconducting-tonormal transition at the constriction, T c , plotted in Fig. 1 (e), we used an empirical 1 Ω criterion for the threshold resistance. The uppermost curve in Fig. 1(d) corresponds to the sample after applying a high current of 10 mA, able to displace atoms and change the overall geometry of the constriction. In Fig. 1 , four different chronologically ordered electro-annealing stages A, B, C, and D of the same device, are indicated.
In an attempt to correlate the current-induced changes in resistivity of the constriction ρ WL with the decrease of the superconducting critical temperature T c in the constriction, we assume that (i) the spatial extent b of the affected material remains constant after each EA process, and (ii) the constric-tion has an idealized bow-tie geometry as sketched in the inset of Fig. 2 . The former hypothesis is a zeroth-order approximation since the parameter b is likely determined by the extension of the hot spot centered at the constriction which in turn should progressively increase as I EA increases. Nevertheless, this approximation is sufficient for the purpose of this paper, as will be shown further on.
Under these approximations, the total resistance of the sample is given by
where geometric parameters a, b, w 0 and w 1 are indicated in the inset of Fig. 2 , ρ 0 is the resistivity of the virgin Nb film (in our case ρ 0 = 10.0 ± 0.2 μΩ cm at 10 K), and d is the sample thickness. From this equation, we extract the resistivity of the weak link, ρ WL , taking for remaining parameters a = 2000 nm, w 1 = 1100 nm, w 0 = 147 nm, b = 294 nm, and d = 50 nm. The obtained ρ WL versus T c correlation is shown in the main panel of Fig. 2 . We suggested above that oxygen diffusion during EA could be boosted by the local high temperatures and lead to the observed decrease of T c (increase of R n ). It is interesting to compare our data with that of Nb containing interstitial solute atoms of oxygen discussed in ref. 23 , where it was found that for each 1 at% of O in pure Nb, the superconducting transition temperature decreases by 0.93 K and the normal-state resistivity increases by 5.2 μΩ cm. As shown in Fig. 2 , this trend is repro- duced by the low-resistivity data but fails to capture the highresistivity data. A priori, this is somewhat expected since DeSorbo's rule only applies for oxygen concentrations below the solubility limit, which corresponds to a minimum T c = 5.8 K. There are however further considerations which can be invoked to explain the observed difference. For one, we have assumed that b remains constant after subsequent EA processes, while b could be progressively increasing for I EA > 7.5 mA. However by allowing b to be an adjustable parameter, we found that b should progressively decrease after each EA in order for our data to reproduce DeSorbo's linear trend. This is clearly unphysical, hence permits us to rule out the variation of b as a source of the observed discrepancy. In addition, DeSorbo only considered clean bulk Nb with RRR values much larger than the RRR ≈ 3 measured in our films. An additional (additive) effect is the possible contamination of the Nb by the silicon substrate to form Nb 5 Si 3 during EA. 25 In order to further characterize the samples after electroannealing, we employ the established relation 26 for Nb ρℓ = 3.75 × 10 −6 μΩ cm 2 , to obtain the mean free path of the leads ℓ (0) = 3.73 ± 0.08 nm. This allows us to calculate the superconducting coherence length at zero temperature ξ(0) = 9.7 ± 0.3 nm, taking BCS ξ 0 = 39 nm for Nb, as well as to determine the progressively decreasing mean free path in the weak link (ℓ WL ) in samples A-D, according to the ρ WL plotted in Fig. 2 . With that information at hand, we resort to theoretical modeling of the transport properties of the samples, in order to gain further insights in the physical mechanism at play. For this purpose, we employ the time-dependent Ginzburg-Landau (TDGL) theory, which we adapted to account for spatially inhomogeneous parameters of the sample, as encountered in S-S′-S junctions of interest here. In this model, we introduced spatially-dependent variables T c , ℓ and ρ as obtained from the experiment, and also modified the temperature dependencies of the relevant quantities. 27 As such, TDGL can provide more trustworthy results even for temperatures significantly below the critical temperature. The details of the model can be found in the Methods section. The specimen size, precise shape, bath temperature, and material parameters are taken from the experimental data obtained for the specimens C and D. The simulated sample geometry is directly taken from the highresolution SEM images, corresponding to the part of the experimental sample between the voltage contacts, as shown in Fig. 1(a) . Based on the available information for the weaklink area after final EA (SEM image shown in ESI †), the width of the weak link was fixed to b = 294 nm.
With this information, we calculated the R(T ) curves for samples C and D, presented in Fig. 3(a) . Our first approach was based on the assumption that T WL c , ℓ WL , and ρ WL , obtained from the experiment, are uniform within the weak link as shown by their profiles along the sample depicted in the insets of Fig. 3 . Although the overall behavior of the simulated R(T ) characteristics was quite satisfactory, the discrepancy from the experimental data was evident. Due to the lensing of currents inside the constriction, it is actually reasonable to assume that material modifications caused by the electroannealing will not be uniform in the weak link. In absence of a better guess for ρ WL and ℓ WL , we introduced the spatial variation in the critical temperature of the form 3 , where x = 0 designates the center of the constriction and ΔT c is the critical temperature difference between the leads (T ð0Þ c ) and the center of the weak link (T WL c ). A contourplot of this spatially-varying critical temperature together with its profile along the entire sample is given as inset in Fig. 3(b) . As in the previous case, the rest of the material parameters are maintained constant. The results of the modified approach are presented in Fig. 3(b) , where excellent agreement between experimental data (dashed lines) and simulations (solid lines) is apparent, using ΔT c = 4.39 K for sample C and ΔT c = 6.06 K for sample D.
Evidence of a tunable junction
The two-step transition in the R(T ) curves exhibits a resistance plateau between T WL c and T ð0Þ c (= 8.88 K). Within this temperature interval, the constriction is in the normal state, and there is no coherent superposition of the superconducting condensates of the leads. Therefore, the overall critical current of the junction is zero, being outside the diffusive limit of superconductornormal metal-superconductor (SNS) junctions. 9, 28, 29 However, for temperatures T < T WL c a weak link between the two superconducting leads develops and a supercurrent through the weak link can be established. As a consequence, the interplay of the Meissner current and the applied current can induce Fraunhofer-like behavior of the critical current, as schematically shown in Fig. 4 and described in detail in ref. 30 and 31. Indeed, the Meissner current density J M , induced as a response of the system to the external magnetic field, flows in opposite directions along the facing edges of the sample [ panel 1 in Fig. 4(a) ], and is superimposed to the density of the transport current ( J a ) crowded in the constriction [ panel 2 in Fig. 4(a) ]. The total current density ( J T ) is, therefore, enhanced on one edge of the sample ( J T = J a + J M ), while being lowered on the opposite edge ( J T = J a − J M ) [panel 3 in Fig. 4(a) ]. This interplay of currents will affect the vortex entrance and exit barriers in the junction. A vortex enters the junction when at one side J T reaches the depairing current density ( J DP ). On the other side, if the applied current is large enough to fully deplete the Meissner current ( J T ≥ 0), the exit barrier will vanish and the vortex can vacate the sample. 32 This defines the critical applied current I a = I c for which the onset of the resistive state occurs due to periodic crossing of vortices along the junction.
With increasing magnetic field B, the Meissner currents in the sample become larger so that lower J a is needed for a vortex to enter, thus yielding a decreasing I c (B). However, lowering J a eventually recovers the barrier for vortex exit, so with further increasing B a larger applied current is needed to suppress the exit barrier for the vortex and I c grows. At certain field, the conditions for the appearance of the new vortex and for vanishing exit barrier are met for the same I a , and the onset of motion corresponds again to the condition J T = J DP , so that for larger field I c (B) decreases again. In this way, the oscillatory behavior of I c (B) is established, where every oscillation corresponds to one additional vortex traversing the junction. With every oscillation the amplitude of I c decreases, as superconductivity is weakened by the magnetic field. All together, a typical Fraunhofer-like characteristic is obtained [ Fig. 4(b) ]. Although similar physics holds for the sample without a weak link, the oscillations in I c (B) are washed out in that case due to the fact that after penetrating at the constriction, vortices escape to the leads where the current density is lower. The suppression of superconductivity inside the weak link, as shown in panel 4 of Fig. 4(a) , directly affects the Meissner currents and substantially lowers the critical conditions for vortex Fig. 4 The interplay of currents. Panels in (a) illustrate the behavior of the Meissner current J M screening the applied magnetic field B ①, the distribution of the applied current crowded in the constriction ②, and the total current as the superposition of the previous two ③. Panel ④ schematically shows the region where the superconducting properties have been depleted by electro-annealing producing a weak link. The opposite behavior of the superimposed currents on the two facing edges of the constriction leads to Fraunhofer-like oscillations in I c (B) in the presence of a weak link, as shown in (b), and not in the virgin sample (without a weak link). Each oscillation corresponds to one additional vortex at the weak link. entry/exit. In other words, the weak link acts as a mesoscopic sample inside the device dominating its I c (B) in both the amplitude and the period of the exhibited oscillations.
In order to prove the above described scenario in our samples and the tunability of I c (B), we have recorded V(I) characteristics as a function of the applied magnetic field B perpendicular to the plane of the sample, and used a criterion of 10 μV to determine the critical current I c of the constriction. A summary of the obtained I c (B) for a selected set of samples is shown in Fig. 5(a) .
The virgin constriction exhibits a monotonic decrease of I c as B increases. In the sample obtained after a weak EA process (curve A), where superconducting properties of the constriction were improved, the critical current of the junction increases by roughly 20% with respect to that of the virgin sample at the same temperature T = 8.5 K. This is in line with the estimated increase of both T c and ℓ in the constriction, leading to approximately 30% increase of the depairing current density
When the sample reaches the stage of EA indicated by A, the constriction can be regarded as a S-S′-S junction with T c (S′) > T c (S). Further EA (stage B) leads to suppression of superconductivity in the constriction, reflected in both lower T c (S′) and lower ℓ WL , with a corresponding decrease of I c (0) according to the expected decrease of J DP . At the same time, I c (B) obtained at T = 8.5 K remains featureless. However, for sufficient suppression of T c (S′) in the constriction, an oscillatory behavior of I c (B) emerges, as exhibited by samples C and D [see Fig. 5(a) ]. The corresponding measurements were taken at temperatures below the T c 's of the weak links, i.e. at 4 K and 2.5 K, respectively.
Although the observed oscillations resemble the Fraunhofer patterns in SNS Josephson junctions described by I c (B) = I 0 |sinc(αB)|, with sinc the cardinal function, α = πLW/Φ 0 , Φ 0 the flux quantum, and L and W the length and the width of the normal region, any fitting attempt using this expression leads to poor agreement with the experimental data. This is not surprising considering that the weak link generated by EA largely exceeds, both in length and width, the superconducting coherence length. In this limit, the physical mechanism giving rise to the observed oscillations of critical current necessarily involves Abrikosov vortices 33 and therefore the current-phase relation no longer follows a sinusoidal dependence. 34 Furthermore, unlike SIS Josephson junctions, the oscillation period in our I c (B) does not seem to necessarily correspond to one flux quantum in the weak-link area. To shed light on what is exactly occurring in the samples, we recall the TDGL simulations, parametrized according to the excellent fit of R(T ) characteristics in Fig. 3(b) . The results are shown in Fig. 5(b) , and demonstrate a good quantitative agreement to experimental data for the I c (0) of samples C and D, scaled to the I c (0) of the virgin sample, taken at the same respective temperatures as in the experiment (the nominal values of calculated I c (0) for all samples were within 10% discrepancy from the experimentally measured ones). Moreover, the oscillatory nature of I c (B) characteristics is also captured, fully in line with the vortex nucleation and dynamics behavior described in Fig. 4 . This is illustrated by the Cooper-pair density maps shown in the insets of Fig. 5(b) , where a phase-slip is seen at the onset of dynamics at zeroth oscillation, one crossing vortex at the first oscillation, and two crossing vortices at the second oscillation of I c (B). Finally, the matching of the maxima in I c (B) for the two samples in theory and experiment, as well as the correlation between the detected periods of oscillations, are all in good agreement with the experimental curves. We note that the simulations verify the difference of the oscillation period between samples C and D observed in Fig. 5(a) , without invoking modifications of the weak-link area (i.e. the parameter b is the same for both samples). This confirms the premise that the oscillation period does not exactly correspond to one flux quantum in the weak-link area, as one may naively assume, but instead all parameters play a role in the resulting I c (B) characteristic of the sample. As one difference between the theory and experiment we note the much stronger barrier for vortex entry in simulations when the sample is in the Meissner state, in spite of the nearly ideal copied geometry of the sample from the experiment. This can be attributed to the fine damages to the sample edges during lithography, or local vari-ations in the superconducting properties at the borders that are not taken into account in the simulations.
As a final check, we explored the magnetoresistance oscillations in the dissipative regime. Namely, we measured the magnetoresistance of sample C at a fixed transport current of 1 μA, and revealed clear oscillations in the temperature range between 4 K and 5 K, as shown in Fig. 5(c) . As expected, every maximum of dissipation corresponds well with a minimum in critical current. Interestingly, no temperature dependence of the position of these maxima is observed. To corroborate the experimental measurements, we also calculated the magnetoresistance oscillations for sample C, using the same parametrization as in Fig. 5(b) and same applied current as for the calculations of Fig. 3(b) , for temperature varied between 4 and 5 K. As plotted in Fig. 5(d) , we confirm the excellent agreement with experimental findings, as the position of maxima in magnetoresistance ideally correspond to the minima of I c (B) characteristics, and exhibit no temperature dependence close to the critical temperature of the weak link. In other words, we observe that the position of the minima in I c (B) no longer changes once the resistive state in the weak link is reached. At lower temperatures however, where the superconducting state of the weak link is restored, the minima of the I c (B) characteristics shift to higher applied fields. This is again consistent with our initial picture in Fig. 4 , linking the tunable I c (B) characteristics of our samples to the tunable conditions for additional vortex crossings in the weak link, and not to magnetic interference patterns leading to Josephson vortices in SNS junctions. 29, 35 Note that other than the fundamental peaks observed in Fig. 5(c) , there are additional fine structure features whose origin remains to be determined.
Conclusion
In summary, we demonstrated the fabrication and in situ fine tuning of a superconducting weak link, using electro-annealing (EA) on Nb nanoconstrictions. We show that the EA process can be useful in a two-fold manner: either to improve the superconducting properties in the targeted area for weak annealing currents, or to suppress the superconducting properties via amorphization of the material by larger applied currents. In cases where a clear weak link is formed in the nanoconstriction between the superconducting banks we measured Fraunhofer-like oscillations in the critical current as a function of the magnetic field and demonstrated that such characteristic is tunable in a broad range by successive electro-annealing processes. We have proven the controllability of the procedure by direct comparison to numerical simulations of the outcome, nearly fully parametrized from experimental considerations and observations. We conclude that our method indeed delivers the fabrication and control of weak links at nanoscale, tunable in situ, thus beyond the available state-ofthe-art where weak links are either preformed and not tunable, or dependent on a rather involved and less practical setup.
Methods
Experimental details
The investigated samples consist of 50 nm-thick Nb films deposited by electron beam evaporation onto a Si substrate terminated with a 100 nm-thick SiO 2 layer under UHV and subsequently capped with 5 nm of Si for protection. 21 The lithographic electron exposure has been carried out in a Nanobeam nB5 platform with an electron beam energy of 80 keV. Afterwards, an Al mask is fabricated by e-beam evaporation, followed by a lift-off. To remove the Nb not covered by the Al, we performed reactive ion etching using SF 6 during 10 s. Finally, the Al is removed using the base developer MF-26A. A scanning electron microscopy (SEM) image of the lithographically defined 130 nm wide constriction is shown in Fig. 1(a) . The voltage contacts are symmetrically placed at about 1 μm away from the central constriction.
For all electric transport measurements presented in this work, the electro-annealing has been carried out in a cryogenic environment with bath temperature T B ∼10 K above the critical temperature of the Nb film (∼8.88 K). The electro-annealing process is achieved by software control with a feedback loop as described in ref. 22 . It basically consists in the application of a voltage ramp to attain a constant conductance rate of −2G 0 s −1 , where G 0 is the quantum of conductance, while simultaneously monitoring the consequent resistance change. The whole control algorithm is stopped within 5 seconds once a certain maximum current, so called the electro-annealing current I EA , is achieved. The software controlled feedback loop allows reacting upon abrupt resistance jumps and ensures a progressive evolution of the sample's resistance in time. Both, the electrical transport measurements and electro-annealing processes were carried out in a modified commercial Quantum Design-PPMS cryostat equipped with a 9 T magnet. The sample is mounted in a sealed chamber providing a temperature stability better than 1 mK in a He gas atmosphere (20 mbar).
Details of numerical simulations
In the theoretical segment of this work we use the dimensionless time-dependent Ginzburg-Landau model, capable of providing the information about evolution of the inhomogeneous superconducting condensate in the presence of external potentials (namely, magnetic vector potential A and electrostatic potential φ). The governing equations of the model are u @ @t þ iφ Δ ¼ pðrÞf ðTÞ À gðTÞ pðrÞ jΔj 2 Δ þ zðrÞð∇ À iAÞ 2 Δ; 
